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Under colored illumination, the achromatic point (the point in the chromaticity diagram seen as colorless) shifts toward the chroma-
ticity of the illuminant. This investigation measured the loci of achromatic points for various intensities of a test ﬁeld presented in a real
rather than a simulated environment, lit by illuminants of various chromaticities. The achromatic point varied markedly with the inten-
sity level of the test ﬁeld: for dim test ﬁelds it was close to the surround chromaticity, but for high luminance test ﬁelds it was almost
invariant with the surround chromaticity. The varying achromatic settings imply a variation in the relative eﬀectiveness of the diﬀerent
cone types, but this variation originates in the postreceptoral system rather than at the photoreceptors themselves: ﬂicker photometric
sensitivity was almost independent of the illuminant in all cases. Nor does the variation take the simple form of a sensitivity-scaling coef-
ﬁcient; such a model can not predict the observed dependence of the achromatic setting on test intensity. The data could, however, be
modeled with a scheme in which the log of the relative cone weight implicit in the achromatic setting depends almost linearly on (1) the
log of the relative cone excitation by the illuminant and (2) the log of the test ﬁeld intensity.
 2006 Elsevier Ltd. All rights reserved.
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Recent studies suggest that the eﬀects of changing illu-
minant chromaticity on real or simulated surface color
appearance can be well accounted for with a model in
which the illuminant acts by modifying the sensitivities of
each of the three classes of cone photoreceptor (often
termed a von Kries transformation) (von Kries, 1970; Bra-
inard & Wandell, 1992; Chichilnisky & Wandell, 1995;
Speigle & Brainard, 1999; Kuriki, Oguma, & Uchikawa,
2000). Brainard (1998) reports that the chromaticity of
the light from a surface which appears achromatic (hereaf-
ter, achromatic point) under illumination of a particular
chromaticity does not depend on the intensity of the light0042-6989/$ - see front matter  2006 Elsevier Ltd. All rights reserved.
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E-mail address: ikuriki@riec.tohoku.ac.jp.from the surface. This suggests that one may model chang-
es in color appearance by supposing that the excitations of
the three cone types are multiplied by a triplet of scaling
factors (the coeﬃcients of a von Kries transformation) that
do not depend on the intensity of the light from the surface
(von Kries, 1970).
Yetmany studies have shown that the color appearance of
a light of ﬁxed chromaticity varies with its intensity (Helson,
1938; Helson & Michels, 1948; Judd, 1940; Werner & Wal-
raven, 1982). Helson (1938) showed that spectrally nonselec-
tive surfaces that vary solely in the intensity of their
reﬂectance have diﬀerent colors under illumination of ﬁxed
chromatic properties. That lighter surfaces tend to take on
the color of the illuminant is known as the Helson–Judd
eﬀect (Judd, 1940), and this eﬀect suggests that one cannot
model shifts in color appearance using a von Kries transfor-
mation which is independent of test surface intensity level.
The diﬀerent results may be due, in part, to diﬀerences
between the appearance of incremental and decremental
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the appearance of increments atop chromatic pedestals pre-
sented in Maxwellian view, and found that the achromatic
point varies consistently as a function of both adapting
ﬁeld (namely pedestal) chromaticity and stimulus intensity.
Recent studies which suggest that the achromatic point
does not depend on test level have often worked with decre-
ments. This issue has been examined by Bau¨ml (2001). A
further issue is the use of CRT displays in recent studies.
These studies (e.g., Bau¨ml, 2001), convey the impression
of an illuminated scene by simulating surfaces on the face
of a color monitor, and these lack the textures, highlights
and shadows which distinguish real objects. Other studies
have noted that these features provide information about
the prevailing illumination, and so may have a strong eﬀect
on color constancy (Kraft, Maloney, & Brainard, 2002;
D’Zmura & Lennie, 1986).
The present study measures achromatic loci in a real lit
environment. Test stimulus intensity is varied in a way that
lets one examine the color appearance of both increments
and decrements relative to the background light level. As
mentioned above, chromatic adaptation is often modeled
by scaling cone responses. Such a model can also accommo-
date variation in color appearance with test intensity, if the
coeﬃcients are allowed to depend on the intensity of the test
stimulus. Chromatic adaptation can alternatively be
expressed as an eﬀective change in the balance between cone
systems in color-opponent mechanisms, a change that could
originate either at the receptors or postreceptorally (Ahn &
MacLeod, 1993; Kuriki &MacLeod, 1998; Kuriki &Uchik-
awa, 1998). Our earlier work used relative cone weights to
dissociate color-opponent and luminance channel dynamics,
and the present study applies this framework to help identify
the stages at which the visual system adapts to changes in the
chromatic properties of illumination.
The results of the present study show that the observers’
achromatic settings vary with test stimulus intensity. This
precludes modeling the chromatic adaptation process with
a triplet of sensitivity coeﬃcients that are independent of
the test intensity. Moreover, a parallel set of heterochro-
matic ﬂicker photometry (HFP) measurements shows vir-
tually no variation in the relative eﬀectiveness of M and
L cone inputs by this measure, even across conditions
where the shift in the achromatic point is enough to imply
a large variation. Thus, if the change in the achromatic
point is attributed to a change in the eﬀectiveness of the
cone inputs, that change in eﬀectiveness must be speciﬁc
to chromatic mechanisms.
Nevertheless, the achromatic-setting data can be simply
modeled by supposing that the log of the relative cone
weight, implied by the achromatic setting, depends almost
linearly on both (1) the log of the relative cone excitation
by the illuminant and (2) the log of the test ﬁeld intensity.
As pointed out below, this is the behavior expected if the
illuminant not only sets the scaling factors for each cone
type, but also slightly modiﬁes the exponent of the cone
response-intensity functions.Methods
1.1. Apparatus and stimulus setup
In the present study, subjects made adjustments to null either colorful-
ness or luminance ﬂicker. The subject made achromatic adjustments by
using a keyboard. To provide a fully natural scene as the adapting envi-
ronment, the present study used a small room equipped with variable
chromaticity illuminant as the adapting environment. The system is
described in detail in our previous paper (Kuriki & Uchikawa, 1998).
The dimensions of the room were 1.2 m (W) · 1.5 m (D) · 1.9 m (H).
The illuminant chromaticity was varied by changing the relative area of
a chromatic ﬁlter in front of D65 simulating ﬂuorescent lamps. The illumi-
nant chromaticity could be set at a desired value between D65 and a certain
chromaticity determined by the ﬁlter chosen. The test stimulus to make
adjustments was presented on the front wall of the booth. The surface
of the CRT display (Apple 13-in. color CRT monitor), which was con-
trolled by computer (Apple PowerMac 8500 + Radius graphic board),
was made visible through a 5 · 5 cm hole in the front wall. The CRT dis-
play was carefully set 20 cm behind this wall to provide the appearance of
a piece of paper stuck on the wall. Since the stimulus display was uniform,
there was no stereo disparity between left-eye and right-eye images when
viewed from a vantage point 60 cm from the wall. Under these conditions
the subjects perceived the computer screen as a small piece of paper on the
wall; perception was in ‘‘object mode,’’ as if the test patch was under a
common illumination with the wall rather than being itself an independent
light source. A schematic view of the apparatus is shown in Fig. 1.
The luminance of the area immediately surrounding the test stimulus
diﬀered slightly depending on the illuminant conditions, and was approx-
imately 9.5 cd/m2 under the D65 illuminant condition. Illuminant condi-
tions are summarized in Table 1. Fig. 2 shows the chromaticities for
seven chromatic conditions of room illuminant in MacLeod–Boynton col-
or space (MacLeod & Boynton, 1979).
Three subjects including the author participated in this experiment.
KM participated in experiments only for the green-white-purple direction.
TU participated in four extremely chromatic conditions and white illumi-
nant condition, and IK participated in all seven conditions. For the test
stimulus, two lower intensities and three higher intensities were selected,
such as 2.5, 5, 10, 20, or 40 cd/m2. This luminance range corresponds to
approximately 5–80% in luminous reﬂectance, and it roughly spans the
range of object surface reﬂectance in the real world.
The subjects conducted achromatic settings or null ﬂicker settings. For
achromatic settings, the subjects were asked to adjust the color of the test
stimulus under an isoluminance constraint until the test stimulus appeared
to be colorless. For null ﬂicker settings, two lights that selectively stimu-
lated L cones or M-cones respectively were alternately presented at
15 Hz on an equal-energy white pedestal at 2.5, 5.0, 10.0, 20.0 or
40.0 cd/m2. The amount of L-cone selective stimulation was ﬁxed at
10% increment of the L-cone excitation from the pedestal. The subject
adjusted the amount of increment in the direction of M-cone selective
stimulation, by moving the mouse. Each subject made at least ﬁve settings
under each stimulus condition for both achromatic and null-ﬂicker set-
tings. The averages and standard errors are shown in the results.
In addition to the experimental sessions, each subject was asked to
make achromatic adjustments for a test ﬁeld appearing in a totally dark
surround. The subject adapted to a darkness made by switching oﬀ all illu-
mination after adapting to white (D65) illuminant condition in the formal
session. The subject started achromatic adjustments after 5 min of dark
adaptation and continued until 10 min from the beginning of dark adap-
tation. In order to reduce the eﬀect of adaptation to the matching stimu-
lus, the stimulus was shown only for enough time to complete a setting
(about 30–60 s) and a 1 min dark inter-trial-interval was introduced
between such settings (Kuriki & Uchikawa, 1998). The stimulus luminance
was 10 cd/m2. Results for at least ﬁve such runs were averaged. Also, null-
ﬂicker adjustments were conducted under the same condition in a totally
dark surround. The results obtained under this condition are expected to
give idea about the baseline state of chromatic adaptation, i.e., no partic-
ular state of chromatic adaptation.
Fig. 1. A schematic view of the apparatus. The subject sits on the chair in this room for more then ﬁve minutes before starting a session. Details of how the
ﬁlter system works to vary the illuminant chromaticity are described in our previous paper (Kuriki & Uchikawa, 1998). The computer-controlled CRT
monitor is placed about 20 cm behind the front wall, so that no light coming from the ceiling through the hole in the wall is reﬂected on the CRT surface.
Fig. 2. Chromaticities of illuminant in a MacLeod–Boynton diagram. See
also Table 1 for the details of illuminant chromaticities.
Table 1
Illuminant chromaticities
Illuminant Luminance (cd/m2)a X Y
White (D65) 38.7 0.307 0.330
Blue 15.4 0.210 0.213
Orange 33 0.404 0.387
Green (100%) 43.3 0.279 0.424
Green (50%) 42.5 0.294 0.373
Purple (100%) 26.7 0.355 0.228
Purple (50%) 34.4 0.331 0.273
a The luminance and chromaticities were measured on a BaSO4 plate
placed at the location of test stimulus.
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In order to investigate the results of achromatic and null-ﬂicker adjust-
ments with as directly comparable a measure as possible, the following
indices will be introduced to evaluate the results. In our previous work,
we introduced two indices to characterize the changes in relative sensitivity
balance between the responses of three cone classes (Kuriki & Uchikawa,
1998). The precise can be found in our previous report, but the basic idea
of the indices is as follows.
Let us assume that somewhere in the visual system, after adaptation
mechanisms, the responses of three cone classes are equated for an ach-
romatic light. We assume that these responses are given by the cone
excitations at the stimulus level, multiplied by three adaptation-depen-dent weighting coeﬃcients. If the weights for the excitations of three
cone systems change by the same ratio (under adaptation to a change
in intensity), there would be no change in the relative response between
3058 I. Kuriki / Vision Research 46 (2006) 3055–3066three cone classes. Therefore, our suggested index reﬂects changes in
relative balance between three cone classes, rather than changes in
absolute value. Changes in the relative balance in the responses of three
cone systems, can account for the changes in the state of chromatic
adaptation for color appearance that are captured in the achromatic
settings.
Let us assume that the EL,a, EM,a, and ES,a, the excitations of three
cone classes for a color patch that appears achromatic to the subject under
a certain illuminant condition (denoted by the subscript a), satisfy the fol-
lowing constraints:
a ¼ EM;a
EL;a
; ð1aÞ
c ¼ EM;a
ES;a
. ð1bÞ
The a and c represent relative weights for L- and S-cone excitations,
respectively, to equate the responses of three cone systems. They are
the ratios of corresponding cone weighting coeﬃcients. We are main-
ly interested in how these a and c vary with adaptation; their abso-
lute values depend on the choice of the units for the cone
excitations.
The index a is similar to the relative M-cone weight introduced by Ahn
and MacLeod (1993) for the investigation of relative contributions of L
and M-cones to luminance and chromatic channels. For the ﬂicker pho-
tometry results, the same index as in the study by Ahn and MacLeod will
be used to evaluate the data. The summary of the derivation of that index
is as follows. It is assumed that the luminance channel receives input
almost only from L and M-cones (Eisner & MacLeod, 1981), and the state
of the luminance channel under null ﬂicker during HFP can be described
by the following formula.
xLEL1 þ xMEM1 ¼ xLEL2 þ xMEM2; ð2Þ
where ELi, EMi represent excitations of L and M cones, respectively, for
the ith light in the alternating sequence. By transforming above equation,
it is possible to describe the null-ﬂicker state between light 1 and light 2 as
follows
xLðEL1  EL2Þ ¼ xMðEM2  EM1Þ. ð3ÞFig. 3. Results for achromatic settings in MacLeod–Boynton coordinates. Di
The symbols are common among the three subjects. (A–C) Results for subjects I
(r = 0.67, b = 1.0) are the results for the highest intensity test stimuli, and the
intensity test stimuli. Cross symbols show individual diﬀerences in the unique
procedure).The ratio betweenxM andxL, speciﬁes the relative contribution ofM cones
with respect to that for L cones in the luminance channel. Therefore, the rel-
ativeM-cone weightx for the luminance channel can be derived as follows:
x ¼ xM
xL
¼ ðEL1  EL2ÞðEM2  EM1Þ . ð4Þ
In this study, all of the data were transformed to L-, M-, and S-cone
responses by using Smith and Pokorny cone fundamentals (Smith & Pok-
orny, 1975).
2. Results
2.1. Achromatic locus
Fig. 3 shows the results of achromatic adjustments in the
MacLeod–Boynton coordinates. Among three subjects, the
achromatic loci show a systematic trend, with increasing
test intensity, from the illuminant chromaticity to a chro-
maticity close to equal-energy white (r = 0.67, b = 1.0 in
MacLeod–Boynton coordinates), a chromaticity that is
typically seen as white in the absence of chromatic
adaptation.
Figs. 4 and 5 show the same result in the form of the a
and c scales, as a function of the logarithm of relative lumi-
nance of the test stimulus with respect to the luminance of
immediate surround. Most of the results show a linear
trend, in which the achromatic point shifts from the illumi-
nant chromaticity (shown as symbols on the vertical axes)
toward a ﬁxed value of a and c, as the luminance of test
stimulus increased.
The results of Figs. 3–5 show that the cone weights
implicit in the achromatic setting are strongly dependent
on both the illuminant chromaticity and the test patchﬀerent symbols represent results under diﬀerent illuminant chromaticities.
K, TU, and KM, respectively. The symbols close to the equal-energy white
symbols away from the equal-energy white are the results for the lowest
white measured under dark adaptation for 5–10 min (see text for detailed
Fig. 4. The eﬀect of stimulus intensity on achromatic settings, in terms of relative weights for L and M cones. The horizontal axis shows the logarithm of
relative luminance for the test stimulus. The vertical axis shows the relative weight for L and M cones derived from achromatic settings. Diﬀerent symbols
correspond to diﬀerent illuminant conditions. (A and B) Results for subject IK taken under two diﬀerent directions of illuminant chromaticity changes; (A)
is for conditions under green-white-purple direction and (B) is for blue-white-orange direction. (C and D) Results for subjects TU and KM, respectively.
Error bars show plus and minus twice the standard error (2 SE). The symbols on the vertical axis represent the chromaticities of the illuminants by taking
cone-excitation ratios between L and M cones. The thin horizontal dotted line around the vertical axis value of 0.3 represent the cone excitation ratios
for unique-white measured for each subject under dark adaptation, which corresponds to the chromaticity indicated by cross symbol in Fig. 3. Thin dotted
lines around the symbols are the result of ﬁtting based on power law for each illuminant chromaticity condition (see Section 2.3).
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matic point is close to the illuminant chromaticity, the rel-
ative cone weights are set in the ratio of the cone
excitations for the illuminants themselves, as indicated by
the leftmost points in Figs. 4 and 5. As test luminance
increases, however, the relative cone weights become pro-
gressively less dependent on the illuminant. As the relative
cone weights tend toward a common value for all illumi-
nant conditions, the curves for diﬀerent illuminant condi-tions in Figs. 4 and 5 converge, just as the achromatic
loci (Fig. 3) tend toward a common point for all illuminant
conditions.
2.2. Heterochromatic ﬂicker photometry
Fig. 6 shows the null-ﬂicker adjustments for all subjects
under all illuminant chromaticities under the 20 cd/m2. The
horizontal axis represents the r coordinate of the illuminant
Fig. 5. The eﬀect of stimulus intensity on achromatic settings, in terms of relative weights for S and M cones. The horizontal axis is the same as in Fig. 4.
The vertical axis shows the relative weight for S and M cones derived from achromatic settings. The meanings of symbols and panels are the same as in
Fig. 4.
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Eq. (4). As it is clearly seen in Fig. 6, there is no systematic
trend in the relative contributions of M cones with respect
to L cones in the luminance channel under changes in illu-
minant chromaticity.
Fig. 7 shows the HFP settings for all subjects under all
illuminant chromaticity conditions, as a function of the
logarithm of the relative luminance of test stimulus with
respect to the luminance of immediate surround area. In
clear contrast to the results for achromatic adjustment,
the relative contribution of L and M cones to the lumi-
nance channel does not depend either on the state of adap-
tation imposed by surrounding stimuli, or on the test
luminance.
2.3. Exponential nonlinear relationships of cone excitations
Fig. 8 illustrates for one subject the relation between
L- and M-cone excitations (left panel), and S- and M-coneexcitations (right panel) at the achromatic point, on a log–
log plot. The data lie close to lines of unit slope, but the dis-
tributions of symbols at the highest and lowest luminance
are diﬀerent, implying that the slopes are in fact diﬀerent
for diﬀerent illuminant conditions.
The deviation of the slopes from unity on the log–log
plot means a deviation from linear relationships, and
implies that the cone excitations at the achromatic point
are related though a power law, with exponents systemati-
cally changing between illuminant chromaticity conditions.
Thus for instance the condition for equality of response
(for achromatic appearance) between L and M cones
becomes
EL;a ¼ kLEnM=nLM;a ; ð5Þ
where nM/nL is the slope of the relevant line in Fig. 8; or
equivalently,
EnLL;a  kLEnMM;a ¼ 0; ð6Þ
Fig. 6. Eﬀect of illuminant chromaticity on HFP settings. Results under
all illuminant chromaticity conditions, at a test stimulus luminance of
20 cd/m2. The horizontal axis shows the chromaticity of the illuminant in
the form of cone excitation ratios. The vertical axis shows the relative M-
cone weight derived from ﬂicker photometry settings. Diﬀerent symbols
represent diﬀerent subjects. Error bars show plus and minus twice the
standard error (2 SE). Horizontal position of data for subject KM is
intentionally oﬀset by +0.01 for clarity. Continuous line is ﬁtted to data
for subject IK (slope = 0.2138, R2 = 0.1329); dotted line is for subject KM
(slope = 0.3761, R2 = 0.5233); and broken line is for subject TM
(slope = 0.0934, R2 = 0.0053). The slopes of ﬁtted lines were tested by
ANOVA and did not show a statistically signiﬁcant diﬀerence from zero.
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known factor without aﬀecting the description of the data,
and kL represents some arbitrary constant. Similar equa-
tions hold for the relationships between M and S cones:
EnSS;a  kSEnMM;a ¼ 0. ð7Þ
Fig. 9 show the changes in relative exponents between
L- and M-cones (left panel), and between S- and M-cones
(right panel) for all subjects, as a function of the ratio of
the excitation of the two cone types by the illuminant. They
show in each case a systematic shift with illuminant
chromaticity.
Just as proportional growth of all three cone responses
would imply horizontal lines in Figs. 4 and 5, the descrip-
tion of Eqs. (5) and (7) with unequal exponents generates
almost linear trends with non-zero slopes in the format of
Fig. 4; each slope in Fig. 4 is equal to the deviation of
the corresponding line in Fig. 8. The ﬁtted lines of Fig. 4
illustrate how well linearity is satisﬁed within the range
observed.
In Fig. 8, the data tend to converge to a point at the
highest luminances. This corresponds to the convergence
of the lines in Figs. 4 and 5. It is not expected that the ach-
romatic locus would extend along one of these straight
lines past the point of convergence. Instead, from our
informal observation, light with a luminous appearance,
which no longer appears as a reﬂecting surface, has an
appearance invariant with the illuminant chromaticity.
This observation may imply that the achromatic loci inFig. 8 remain on a line of unit slope at luminances greater
than the convergence point. A descriptive model consistent
with this expectation is presented in Section 3.3.
3. Discussion
3.1. Luminance dependence of the unique-white setting
Figs. 4 and 5 show a clear shift in the achromatic
point with the luminance level of the stimulus, similar
to Werner and Walraven’s ﬁnding (Werner & Walraven,
1982), or the Helson–Judd eﬀect (Helson, 1938; Judd,
1940). In particular, Werner and Walraven found the
same tendency for achromatic perception of a test light
with a chromatic background. However, their ﬁtting
functions were derived only from experiments with incre-
mental test stimuli, and their model is applicable only to
increments. Nor do the predictions of their model for
increments agree well with the present data. In Section
2.3 a new set of functions is introduced to explain the
results shown in Figs. 4 and 5, based on power functions,
which have been invoked by many researchers to describe
the loci of achromatic appearance under chromatic illu-
minants (Werner & Walraven, 1991; MacAdam, 1963;
Nayatani, 1995).
A previous study by Lucassen and Walraven (1993) on
the shift in color appearance under changes in the chroma-
ticity of the immediate background introduced a set of
functions of cone contrast to explain their results. As in
their study, the L and M cone responses in the present
study seem at ﬁrst to show almost proportional character-
istics (when the adapting condition is constant) compared
to S cone responses. However, a precise analysis of the
present results (Figs. 8 and 9) shows that the L- and
M-cone excitations along the achromatic locus have a
consistently nonlinear mutual dependence, given by a
power law with an exponent close to 1.
The results of Brainard’s study on achromatic loci (Bra-
inard, 1998) agree with ours in some points, but he found
no pronounced intensity dependence of the entries of the
weighting coeﬃcients for the cone excitations. A possible
cause of the diﬀerence is that the present study contained
more higher-lightness conditions than his. Chichilnisky
and Wandell have suggested that the scaling factors for
each cone system diﬀer between increments and decrements
from the background, which they called ‘‘on’’ and ‘‘oﬀ’’
stimuli (Chichilnisky &Wandell, 1996). Brainard, however,
has reported that his results of achromatic settings showed
no change in chromaticity across various stimulus intensi-
ties (Brainard, 1998).
The trend of the achromatic locus in the present study is
similar to that in Helson (1938), which corresponds to the
‘‘on’’ condition in Chichilnisky and Wandell’s terminology.
The diﬀerence between Brainard’s study (Brainard, 1998)
on the one hand, and the present study together with those
of Helson (1938), Helson and Michels (1948) on the other
hand, can not be explained as simply the diﬀerence between
Fig. 7. The eﬀect of stimulus intensity on HFP settings. The horizontal axis shows the logarithm of relative luminance for the test ﬁeld. The vertical axis
shows the relative M-cone weight derived from ﬂicker photometry settings. Symbols are the same as in Figs. 4 and 5. (A and B) Subject IK, under diﬀerent
directions of illuminant change; (A) is for the green-white-purple direction and (B) is for the blue-white-orange direction. (C and D) Result for subjects TU
and KM, respectively. Thin dotted horizontal lines indicate the result of HPF settings under a condition with no adaptation to chromatic illuminant.
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deﬁnition (Chichilnisky & Wandell, 1996).
Previous studies, including ours, treated the coeﬃcients
in the von Kries-like transformation as proportional scal-
ing factors. The present study has shown that they have a
nonlinear dependence on intensity. The deviation of the ﬁt-
ting lines in Figs. 4 and 5 from horizontal is an expression
of this nonlinearity. If the system were completely linear in
each illumination condition, but with cone sensitivity coef-
ﬁcients that vary with the illuminant color, the ﬁtted lines
in Figs. 4 and 5 would all be horizontal and would simply
shift their vertical positions (i.e., intercepts). This point will
be further discussed in the next subsection. The results
shown in Figs. 4 and 5 do not reject the applicability of rel-
ative cone weights to explain the shift in color appearance
between diﬀerent illuminant chromaticities, but they do
show that the relative weights have to depend on the rela-
tive intensity of the matching stimulus as well as the illumi-
nant chromaticity.3.2. The site of chromatic adaptation
A comparison between the results of achromatic adjust-
ments (Figs. 4 and 5) and heterochromatic ﬂicker photom-
etry (HFP; Fig. 6) with the same stimulus setup revealed
that the characteristics of changes in sensitivity under chro-
matic illuminants are diﬀerent. The temporal characteris-
tics of the stimuli are completely diﬀerent between these
two procedures; because of this, the two tasks may have
brought into play diﬀerent channels with diﬀerent adapta-
tional properties, as Ahn and MacLeod (Ahn & MacLeod,
1993) have suggested.
If the relative cone weights are determined in multiple
stages—the cone photoreceptors themselves, and post-
receptoral luminance and chromatic channels—this could
account for the diﬀerent behavior of the color-appearance
and ﬂicker photometry settings. Post-receptoral neural
adaptation processes may allow the ﬂicker and color
appearance systems change their sensitivity to some extent
Fig. 8. Achromatic settings by one naive subject TU, plotted as L- and S-cone excitations (A and B) respectively as functions of M-cone excitation. The
horizontal axis shows the logarithm of M-cone excitations. The vertical axis shows the logarithm of the L-cone (left panel) and S-cone (right panel)
excitations at the achromatic point. Diﬀerent symbols represent diﬀerent illuminant conditions. Both panels show a clear diﬀerence in the slopes of lines
(not shown in the ﬁgure) ﬁt to each symbol. Inset tables show the slopes of lines ﬁtted to data by subject TU, sorted by the magnitude of relative
contributions of L and M cones (a) in (A) or that of M and S cones (c) in (B). Slopes showed statistically signiﬁcant diﬀerences (ANOVA, p < 0.05), except
between the green and orange illuminant-conditions in (B), where the c values of the two illuminants were closer than in the other comparisons.
Fig. 9. Variation of the exponent ratios (the slopes of lines like those ﬁt to each symbol in Fig. 8) with adapting chromaticity. (A) Ratio of L exponent to
M exponent; (B) ratio of S exponent to M exponent. The horizontal axis represents the chromaticities of illuminants in the form of cone-excitation ratios.
The vertical axes represent the ratio of exponents, which correspond to the slopes in Fig. 8. Diﬀerent symbols represent the results for diﬀerent subjects.
Dotted vertical lines with open circle symbols on the horizontal axes indicate cone-excitation ratios for D65 illuminant.
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ﬂicker stimulus may have reduced the eﬀectiveness of a sin-
gle adaptation process common to both tasks—for instance
an adaptation process that is associated with the cone pho-
toreceptor itself, rather than the with post-receptoral neu-
rons. This point has to be clariﬁed before concluding that
there are diﬀerences in the adaptation of diﬀerent post-
receptoral neural mechanisms.Recent electrophysiological evidence supports the
hypothesis in the current study, that the diﬀerence in tem-
poral frequency (0 vs. 15 Hz) did not signiﬁcantly aﬀect the
diﬀerence in response at the earliest stage of the visual sys-
tem. Smith, Pokorny, Lee, and Dacy (2001) have reported
the temporal characteristics of horizontal cells (which
receive direct input from the cone photoreceptor (Smith
et al., 2001; Dacy, Lee, Staﬀord, Pokorny, & Smith,
3064 I. Kuriki / Vision Research 46 (2006) 3055–30661996) and exhibit cone type speciﬁc adaptation (Lee, Dacy,
Smith, & Pokorny, 1999), during adaptation to various
intensity levels of light. Their report showed that the tem-
poral amplitude response characteristics of the horizontal
cells had low pass temporal characteristics, with a cut oﬀ
frequency of about 40 Hz. At the intensity level of the pres-
ent study (approximately 2 log10 td), the amplitude
response characteristics were almost constant between 0
and 15 Hz, and the adapting ﬁeld intensity determined
the levels of amplitude sensitivity. Therefore, one may
assume that the diﬀerence in the results between achromat-
ic and ﬂicker photometry settings are the result of diﬀerenc-
es between the characteristics of chromatic adaptation at
the post-receptoral neural stages, or of diﬀerences in the
connections from the cones to the later stages.
Flicker photometric sensitivity did not vary signiﬁcantly
among the diﬀerent illuminant colors and the diﬀerent test
luminance conditions. The pedestal of the ﬂicker stimulus
was ﬁxed to equal-energy white under all conditions, which
might explain the stability of the result. If so, the sensitivity
of ﬂicker system may be aﬀected only by the changes in the
pedestal. This is consistent with the results of previous
studies (Eisner & MacLeod, 1981; Laxar, Kass, & Wooten,
1984).
3.3. Relative cone-weights and opponent-color responses
A previous study by Ahn & MacLeod (1993) mea-
sured changes in relative contributions of L and M cones
to luminance and chromatic channels. Although contri-
butions of S cones to r–g opponent color channels are
reported by previous studies (Hurvich & Jameson,
1957; Ejima & Takahashi, 1985; Wei & Shevell, 1995),
the contributions from S-cones were estimated to be neg-
ligible in the study by Ahn and MacLeod. It was because
they used red and green monochromatic lights as adapt-
ing ﬁeld, and these adapting lights yield little changes in
the S-cone excitations. The present study adopted the rel-
ative M-cone weight for the luminance channel (x) pro-
posed by Ahn and MacLeod, but it was not possible
to apply their relative M-cone weight for the chromatic
channel (/), because the adapting ﬁeld chromaticity,
i.e., illuminant chromaticity, changed not only the diﬀer-
ence in L- and M-cone excitations but also changed sig-
niﬁcant amount of S-cone excitations in the present
study (Fig. 2).
If the relative contributions of three cone classes to the
r–g and y–b opponent-color channels are known, it is pos-
sible to deﬁne two axes in cone excitation space that repre-
sent outputs of opponent-color channels. However, the
achromatic locus provides only points at which the r–g
and y–b channel axes are simultaneously zero, and the data
in the present study alone can not derive the directions of
the y–b and r–g axes. Also the relative contributions of
L, M, and S cones to opponent-color channels may vary
under diﬀerent state of chromatic adaptation. Therefore,
it is diﬃcult to argue for or against changes in the stateof opponent-color mechanisms per se on the basis of the
present study alone.
But for the purpose of the present study, it is not neces-
sary to completely characterize the behavior of the oppo-
nent-color channels. The primary purpose of the present
study was to use the diﬀerence between null-ﬂicker and
achromatic adjustment data to demonstrate how changes
in post-receptoral neural circuits are responsible for shifts
in color appearance under colored illumination, and to
show how these shifts are reduced at high test luminance.
We are mainly interested in how a and c vary with adapta-
tion; their absolute values are less meaningful since they
depend on the choice of the units for the cone excitations.
The shift of the achromatic point under changes in illu-
minant chromaticity and luminance level of the test stimu-
lus should have implications for shifts in the color
appearance of chromatic surfaces as well. As suggested in
some previous studies (Speigle & Brainard, 1999; Kuriki
et al., 2000), shifts in the color appearance of chromatic
surfaces can be nicely predicted with a von-Kries like trans-
formation, using the same coeﬃcients that predict the shift
in the achromatic point.
Since a and c each depend on the luminance of the test
ﬁeld, the results of this study are not compatible with a
model of the strict von Kries form, in which the coeﬃcients
scale the cone excitations by factors independent of inten-
sity. But the systematic dependence of a and c on both illu-
minant chromaticity and test luminance should allow the
achromatic points for other conditions to be obtained
through straightforward interpolation.
In Fig. 10 some of the present results have been ﬁt with a
sigmoidal function deﬁned with formulae described in each
panel that frames the approximately linear trends evident
in Figs. 4 and 5 between ﬁxed low- and high-intensity
asymptotes. The vertical axes show normalized a and c,
which are deﬁned as follows:
anormalized ¼ amatch  EM W=EL WEM illum=EL illum  EM W=EL W ; ð7aÞ
cnormalized ¼
cmatch  EM W=ES W
EM illum=ES illum  EM W=ES W ; ð7bÞ
where EL, EM, and ES with subscripts illum and W repre-
sent the cone excitations from the test and unique-white
for each subject measured under the nearly baseline state
of chromatic adaptation. a and c with a subscript of match
represent the relative cone weights implicit in the achro-
matic adjustment results. The normalized a and c take
the value of zero, when the achromatic chromaticity is that
of the unique-white, and take the value of one when the rel-
ative cone weight is such that the colored illuminant ap-
pears achromatic.
It is possible, however, that the illuminant chromaticity
and a ﬁxed white are not truly asymptotic limits for the
achromatic point. Fig. 6 shows that achromatic point
sometimes overshoots the chromaticity of illuminant at
the darker end of the test intensity range. This is consistent
Fig. 10. Normalized relative cone weights as functions of stimulus
intensity. The horizontal axis represents the logarithm of luminance ratio
between test stimulus and immediate surround. The vertical axes represent
the normalized form of relative cone weights between L and M cones (A)
and between S and M cones (B). The value of 1.0 is the relative cone
weight for 100% adaptation to the chromaticities of test illuminant, and
the value of zero is the unique white for each subject measured with a dark
surround. See text for detailed deﬁnitions of the vertical axes. Thin dotted
lines show the result of ﬁtting a sigmoidal curve described in the upper
right corner of each panel. Note that k represent a luminance ratio
between test stimulus and immediate surround, not the logarithm of it.
I. Kuriki / Vision Research 46 (2006) 3055–3066 3065with the Helson–Judd eﬀect (Helson, 1938) observed in
scenes made up from spectrally neutral surfaces, where
the darkest surfaces may appear in a color complementary
to that of the illuminant. At the higher end of the test inten-
sity range, the achromatic points retain a slight oﬀset from
zero (unique white), reﬂected in the nonzero asymptotes of
the curves in Fig. 10. Nevertheless this transformation does
approximately reduce the data for all illuminant colors to a
common form. It provides a compact description of the
variation of the relative cone weights with illuminant chro-
maticity and test stimulus intensity, and shows how a strict
von Kries model needs to be amended to accommodate the
latter eﬀect.
4. Conclusions
The shifts in achromatic points in real illuminated envi-
ronments depend strongly upon the stimulus intensity, as
well as the illuminant chromaticity. Thus chromatic adap-tation is not describable as a change in sensitivity parame-
ters alone for an otherwise linear system. The implied
nonlinearity takes the form of an adaptation-dependent
change in exponent and must originate in post-receptoral
neural mechanisms, since a receptor origin would entail a
corresponding eﬀect on ﬂicker photometric luminance nulls
yet no such eﬀect is observed.
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